ABSTRACT. An engineering economic analysis of a biomass pelleting process was performed for conditions in
Obernberger (2004) reported the pellet production cost in Sweden and Austria between $78 and $113/t. The main cost difference was due to the larger plant capacity and the lower electricity price in Sweden. Raw material is a major contributor to the cost of pellets produced (Mani, 2005) . To produce biomass pellets economically, a detailed economic analysis for the North American condition is required taking into consideration plant capacity, feedstock cost, drying cost, and plant utilization time. The objectives of this work were to develop the cost of producing biomass pellets and to investigate the effect of feedstock cost, plant capacity, and dryer fuel options on pellet production cost.
DESCRIPTION OF A TYPICAL BIOMASS PELLETING OPERATION
Apart from animal feed, alfalfa and sawmill residues are the other two biomass that are pelletized extensively in Canada. Figure 1 shows the unit operations and the flow of biomass in a typical biomass pelleting operation that consists of three major unit operations, drying, size reduction (grinding), and densification (pelleting). The biomass is dried to about 10% (wb) in the rotary drum dryer. Superheated steam dryers, flash dryers, spouted bed dryers, and belt dryers are also common in European countries (Stahl et al., 2004; Thek and Obernberger, 2004 ) but they are not used in North America (to the knowledge of the authors). The drying medium is the flue gas from the direct combustion of natural gas. Solid fuels, especially biomass fuels, are gradually replacing natural gas because of recent price increases in fossil fuels.
After drying, a hammer mill equipped with a screen size of 3.2 to 6.4 mm reduces the dried biomass to a particle size suitable for pelleting. The ground biomass is compacted in the press mill to form pellets. The individual pellet density ranges from 1000 to 1200 kg/m 3 . The bulk density of pellets ranges from 550 to 700 kg/m 3 depending on size of pellets. Pellet density and durability are influenced by physical and chemical properties of the feedstock, temperature and applied pressure during the pelleting process (Mani et al., 2003) . In some operations, the ground material is treated with super-heated steam at temperatures above 100°C before compaction. The superheated steam increases moisture and temperature of the mash causing the release and activation of the natural binders present in the biomass. Moisture also acts as a binder and lubricator (Robinson, 1984) . In some operations, binders or stabilizing agents are used to reduce the pellet springiness and to increase the pellet density and durability. Most widely used binders for pelleting of animal feeds are calcium lignosulfonate, colloids, bentonite, starches, proteins and calcium hydroxide (Pfost, 1964; Tabil and Sokhansanj, 1996) . Pfost and Young (1974) reported that there was a significant increase in pellet durability when using colloids and calcium lingo-sulphonate as additives in the range of 2.6% by weight. Biomass from woody plants contains higher percentages of resins and lignin compared to agricultural crop residues (straw and stover). When lignin-rich biomass is compacted under high pressure and temperature, lignin becomes soft exhibiting thermosetting properties (van Dam et al., 2004) . The softened lignin acts as glue.
The temperature of pellets coming out of the pellet mill ranges from 70°C to 90°C. The elevated temperature is due to the frictional heat generated during extrusion and material pre-heating. Pellets are cooled to within 5°C of the ambient temperature in a cooler. The hardened cooled pellets are conveyed from the cooler to storage areas using mechanical or pneumatic conveying systems. Pellets may be passed over a screen to have fines removed and were weighed before being stored in enclosed storage areas.
PELLET PRODUCTION COSTS
The cost of pelleting includes fixed (capital) and operating costs. The purchase cost of different equipment was collected from the manufacturers and published literature sources. All capital cost components follow the economy of scale, i.e. expansion of the unit size with respect to its characteristics dimensions will reduce the capital cost, non-proportional to the actual size of expansion (Krokida et al., 2002) . For notations used in this article, see the List of Nomenclatures at the end of the text.
The total capital cost, C c ($/y) was calculated by:
where e is the capital recovery factor and C eq is the cost of the equipment ($). The capital recovery factor was calculated using equation 2:
where i is the interest rate (decimal) and N is the lifetime of the equipment (years). The equipment cost, C eq , was found from the general relationship.
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where a eq is the unit cost of the equipment ($), n eq is the scaling factor of the equipment, and P is the characteristic parameter of the equipment.
The following cost versus capacity relationship was used (Ulrich, 1984) wherever the specific equipment cost for a particular capacity was not available,
(4) C 1 and C 2 are the capacity of equipment 1 and 2; g is the exponent. The exponent value for process equipment ranges from 0.4 to 0.8. We used the exponent value of 0.6 in this study.
The total cost, C T , was calculated by:
where C op is the operating cost ($/y). The production cost, C P ($/kg), for any product was estimated from equation 6:
where t op is the total operating hours of the plant per year (h/y) and G p is the production rate (kg/h). Equipment price relationships quoted in different years are adjusted to 2004 U.S. dollar values by taking into account for inflation factors (Consumer Price Index) published by National Aeronautics and Space Administration (NASA) cost estimating web site (NASA, 2004) . Installation cost of the equipment was in the range of 40% to 75% of the purchase cost. The purchase and installation cost of various equipment were taken from Perry and Green (1999) and Walas (1990) . The capital cost of hammer and pellet mills were received from equipment manufacturers. The capital cost includes the land cost, purchase, installation and maintenance, office building construction cost, and costs of dump trucks, forklifts and front-end loaders. Cost analysis of dump trucks, front-end loaders, and forklifts was based on the ASAE standard EP496.2 ( ASAE Standards, 2003) .
We assumed a 6% interest rate. The maintenance of equipment and building was assumed to be 2% of the capital cost except for the pellet and hammer mills. Pellet and hammer mills have high repair and maintenance cost (10% of the purchase cost) due to the wear and tear of the equipment. The operating cost includes the cost of the raw material, heat energy cost for drying, electricity cost, and personnel costs. The heat energy cost for the dryer depends on the type of fuel used and the fuel cost. Costs for five different dryer fuels (wet biomass, dry biomass, fuel pellets, natural gas, and coal) were calculated. Personnel costs were included in pellet production, marketing, and administration. In order to produce wood pellets, no steam conditioning or external binders were used. Because lignin in the sawdust acts as a natural binder during pelletization, the cost of steam or binders was not included in the cost analysis. The pellet production cost was calculated for the base case scenario of 6 t/h wood pellet plant. The base case pellet cost estimation was used to investigate the effect of plant capacity, raw material cost, and dryer fuel options on the pellet production cost.
RESULTS AND DISCUSSIONS
The base case pellet plant has a production capacity of 6 t of pellets/h with the annual production of 45,000 t. The plant operates 24 h for 310 days annually (annual utilization period 85%). Table 1 lists the cost of the equipment purchase, installation, annualized cost, and the cost in $/t of pellets produced for each equipment. In this analysis, the transportation cost of raw material to the pellet operation facility was included. We also assumed that the plant was located within 5 to 10 km of the biomass source. The costs of the dryer and the pellet mill were the largest among the annual capital costs. The capital cost of the pellet production plant was about $6/t of pellet production. The capital cost may be further reduced if the plant capacity is increased from the current production rate (45,000 t/y). Table 2 shows the cost of pellet production including variable costs. The transportation of raw material to the pellet plant was included in the cost estimation. For the base case, wood shavings at 10% (wb) moisture content was considered as a burner fuel with a fuel cost of $40/t of fuel delivered. Cost of wood shavings is considerably higher due to the high demand for animal bedding materials and as a fuel for the pulp mills. The capital and operating cost of producing biomass pellets are $6 and $45 per t of pellet production, respectively. The cost of producing pellets ($51/t) may be further reduced if the plant capacity is increased. Pellets produced in North America are cheaper compared to that produced in European countries. In Austria and Sweden, the cost of production of fuel pellets was $113 and $78/t of pellets, respectively. The difference in pellet cost from the two countries was mainly due to the larger plant capacity and the lower price for electricity in Sweden (Thek and Obernberger, 2004) . Figure 2 shows the effect of pellet production rate on the total cost of pellet production. We assumed that the plant operates 7500 h annually, which is about 85% of the year. If the plant operates 6000 h annually then the pellet cost increased by $4.50/t. An increase in pellet production rate (plant capacity) substantially decreased the pellet production cost mainly due to the economics of scale for larger pellet plants. For example, the personnel cost for the pellet plant with 10 t/h production rate is about $4/t compared to $16/t for the pellet plant with 2 t/h production rate. For a production rate of 10 t/h, the cost of pellet produced decreased to about $41/t with the annual production rate of 75,000 t/y. At $41/t with the annual production rate of 75,000 t/y. At higher plant capacity, the capital cost of the plant did not increase substantially due to the plant scaling factor of 0.6. The operating cost decreased considerably more than the capital cost of the plant due to the increase in annual pellet production rate. Table 2 shows the distribution of pellet production cost with various process operations and cost components. Cost of raw material has the highest contribution to pellet production cost, with a share of about 40%. The raw material considered in this study was wet sawdust with 40% (wb) moisture content. The cost of raw material at the sawmill plant was about $10/t. If the transportation cost of the raw material was included, the cost of raw material at the pellet plant site was increased to about $19.73/t for an average transportation distance of 7.5 km.
The cost of raw material increases to more than $32/t (Sokhansanj and Turhollow, 2004) when the raw material requires collection, baling, transportation and storage. Figure 3 shows that an increase in raw material cost substantially increased the pellet production cost. If the raw material cost is about $50/t, this would increase the pellet production cost to about $110/t. If profit margin is assumed to be 20% of production cost, the sale price of pellets would increase to about $132/t ($8/GJ), which is almost equal to the current natural gas price. Therefore, the raw material cost plays a major role in the cost of pellet production.
Other major cost components are personnel and drying costs with shares of 25% and 20%, respectively. Personnel cost includes costs for personnel in the production, marketing, and administration. In the production, two people are required for the entire production plant. The process requires additional three people for the shift for bagging pellets into 18-kg (40-lb) bags.. We assumed that one third of the pellets produced in the plants are packed. Personnel cost may be considerably reduced when the packaging of pellets is eliminated in the production operation. Personnel cost again depends on the pellet production and administration strategies set by the pellet plant operators.
Cost of operating a dryer in the pelleting plant is also a major cost component compared to pellet and hammer mills. To investigate the effect of burner fuel options on the pellet production cost, five different fuel sources-wet sawdust, dry sawdust, fuel pellets, natural gas, and coal were considered. It was assumed that one solid fuel burner would handle all the fuel options except natural gas. Table 3 shows the types of burner fuel options used in the pellet production. The pellet cost was based on a pellet production rate of 6 t/h (base case). Wet sawdust produced the lowest pellet production cost of $48.50/t followed by coal with a pellet production cost of $50/t. Although wet sawdust and coal promise the lowest pellet production cost, potential emissions during the combustion of these fuels require further investigation. Mani et al. (2005) explain the environmental impacts of using these fuels for the production of pellets. Use of emission control devices for various fuels may further increase pellet production cost. As expected, the pellet production cost increased to $64/t when natural gas was the burner fuel. Environment impact of using natural gas is considerably less compared to other fuel options . Thek and Obernberger (2004) reported that a superheated steam dryer may significantly reduce drying cost. The main advantage of a superheated steam dryer is the high potential of heat recovery from the exhaust steam, which increases the dryer efficiency to about 90%. The capital cost of superheated steam dryers is relatively high compared to rotary drum dryers. Raw materials such as wood shavings and other low moisture biomass sources may not require further drying in the pellet plant. If the drying is eliminated from the plant, the cost of pellet production would drop down to about $39 from $51/t of pellets.
The pelletization operation is also one of the main cost factors in the pellet production cost followed by hammer milling. In this study, no additional binders are used for producing pellets. If the raw material does not contain natural binders (lignin), additional binders or stabilizing agents may be required. This would further increase the pellet production cost. Pellet and hammer mills have high repair and maintenance costs (10% of the purchase cost) due to the wear and tear of the equipment and also consume large amounts of electricity in the whole pellet production process. Power consumption of the pelleting process may be reduced, if the current ring die pellet mills are replaced with a new mill design. Additional information on energy consumption of biomass pelleting process and production of binderless pellets can be obtained from Mani et al. (2006) and Sokhansanj et al. (2005) .
CONCLUSIONS
Biomass pellets can be economically produced with a production cost of $51/t, assuming a raw materials cost of $10/t and drying biomass from 40% to 10% moisture using dry shavings as fuel. Raw material and personnel costs are the major cost factors on the pellet production cost followed by dryer and pellet mill costs. An increase in raw material cost substantially increases the pellet production cost. Scale of the plant, burner fuel options, and the fuel cost had a significant influence on the pellet production cost. Small-scale pellet plants are more expensive to operate, which eventually increases the pellet production cost. A larger scale pellet plant with a production capacity (>10 t/h) would produce less expensive pellets. Among the five burner fuel options tested, coal or wet biomass may considerably reduce the pellet production cost. However, environmental impacts due to the combustion of these fuels require further investigation to control potential emissions.
NOMENCLATURE
C c = total capital cost ($/y) C E = cost of electricity ($/kWh) C eq = equipment cost ($) C P = production cost ($/kg) C op = operating cost ($/y) C T = total annual cost ($/y) e = capital recovery factor g = exponent for the capacity of equipment G P = production rate of the product (kg/h) i = annual interest rate (%) N = life time of the equipment (y) n eq = scaling factors for equipment P = characteristic parameter for any equipment (eg. heat transfer area, length, flow rate etc.) t op = operation hours per year (h/y) a eq = unit cost of equipment ($) C eq1 = equipment cost ($) for the capacity, C 1 C eq2 = equipment cost ($) for the capacity, C 2
